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decrease in electrical conversion efficiency (typically 0.4%/K), especially for mono and polycrystalline 
cells which constitute 85% of the PV market share these days (Bloem 2008). Therefore, efficient ways to 
extract heat by natural fluid circulation through the disturbance of the boundary layers have to be devised 
so that the module surface temperature could be maintained at a level which produces optimum electrical 
output.  
The PV-integrated double-skin façade configuration could provide sufficient cooling to the PV 
modules if designed optimally (Brinkworth et al. 1997; Gan and Riffat 2004). However, the great 
dependence of such a system on environmental factors makes its performance analysis rather difficult. In 
most of the earlier studies, it is noted that they were essentially preliminary investigations and in studies 
where both experimental and numerical methods have been adopted, agreement between experimental 
and numerical results was moderate (Charron and Athienitis 2006; Liao et al. 2007). 
Lately, a comprehensive experimental study was carried out by (Fossa et al. 2008). It has been shown 
that alternated heating configurations produced lower temperature values, giving promising results for the 
installation of PV modules in such staggered arrays. Meanwhile, (Vareilles et al. 2006) performed a two-
dimensional numerical study by using the RNG k-İ turbulence model. A validation of heated wall 
temperature distribution showed an over-prediction when compared with experimental results of 
(Miyamoto et al. 1986). (Giroux-Julien et al. 2009) considered higher heat fluxes both experimentally and 
numerically. Local discrepancies were evident when compared with experimental results, further 
emphasizing the need for more accurate numerical method and model. 
Fundamentally, the limited knowledge concerning turbulent natural convection between vertical 
parallel-plate channels precludes improved designs of PV-integrated double-skin façades. Experimentally, 
the widely cited work of (Miyamoto et al. 1986) has contributed significantly to the understanding of 
turbulent natural convection in asymmetrically heated vertical parallel-plate channels. Experimental 
studies have also been reported by various researchers (Habib et al. 2002; Ayinde et al. 2006; Ayinde et al. 
2008). At the same time, most numerical studies employed two-dimensional Reynolds-averaged Navier-
Stokes (RANS) approaches and have shown moderate agreement with experimental measurement 
(Fedorov and Viskanta 1997; Yilmaz and Gilchrist 2007).  
Simulations of turbulent natural convection using the RANS approaches have shown to be unable to 
accurately predict turbulent structures hence resulting in unreliable prediction of wall temperatures which 
is important in the evaluation of the performance of PV-integrated double-skin façades. Therefore, in the 
present investigation, natural convection in the PV-integrated double-skin façades is studied numerically 
using the large-eddy simulation (LES) approach to fully understand the mechanism by which turbulent 
transport processes affect the performance of such a system.  
2. Mathematical model 
2.1. Governing equations 
 The compressible Navier-Stokes equations are dealt with by utilizing the Favre-averaging to account 
for the density variation within the flow. The LES approach consists of spatially filtering the governing 
equations, yielding the low-Mach-number Favre-filtered mass, momentum, and energy conservation 
equations which read: 
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where U  is the filtered density, refU  is the reference density at reference temperature Tref, iu  is the 
velocity vector, p  is the pressure, T  is the temperature, Pr is the molecular Prandtl number, μ is the 
dynamic viscosity, and 
i ju u
W  and 
iu T
W  are the unknown subgrid-scale (SGS) stress tensors. The 
unresolved turbulent SGS momentum stress tensor was modelled according to: 
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where ijS  is the strain rate tensor and PT is modelled by the (Vreman 2004) formulation: 
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 where CQ
is the model coefficient, and 'm is the filter width of subgrid length in the m direction. In the present 
investigation, Cv is prescribed a value of 0.01. The SGS thermal flux vector is modelled by:  
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where the turbulent Prandtl number is prescribed with a value of 0.4. 
2.2. Numerical scheme and model 
The finite volume formulation was employed to discretize the filtered governing equations on a 
collocated gird. Fourth-order central differencing was applied to approximate the advection terms while 
second-order central differencing was adopted for the other spatial derivatives. A time-advancing scheme 
with an explicit two-step predictor-corrector approach which involves a second-order Adams-Bashforth 
time integration scheme for the predictor stage and a second-order quasi Crank-Nicolson integration for 
the corrector stage was adopted (Cheung et al. 2007). 
The configuration investigated was similar to that which has been used by (Miyamoto et al. 1986) in 
their experiment. Two imaginary computational domains were created at the top and bottom ends to allow 
the natural entrainment of ambient fluid at 25oC. A wall heat flux (qw) of 104 W/m2 was considered which 
resembled the heated PV modules while the inner façade was modeled by the opposite adiabatic wall. 
Due to the great computational resources that may be required to simulate both channels experimentally, 
computational simulations have been restricted to only one channel. Thus, a free-slip wall was imposed at 
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